
Summary. Etoposide (VP-16), an anti-tumor agent, is a
topoisomerase II inhibitor that causes DNA damage. In
our previous studies, it was shown that VP-16 induces S-
phase accumulation and G2/M arrest, eventually
resulting in apoptosis, through p53-related pathway in
the mouse fetal brain. We injected 4 mg/kg of VP-16
into pregnant mice on day 12 of gestation, and the
fetuses were investigated for the cell cycle checkpoint
and mechanism of apoptosis. The transition of the neural
progenitor cells in the fetuses was delayed as compared
to that in the control, and most of the apoptotic cells
were BrdU positive. VP-16-induced S-phase
accumulation was brought about by the acceleration of
G1/S transition rather than by the inhibition of S-phase
progression. Phosphorylation of ataxia telangiectasia-
mutated kinase (ATM) at Ser1981 and γH2AX after VP-
16 treatment showed DNA damage. p53 was
phosphorylated at Ser15 and 20 and increased after
activation of the ATM kinase pathway. Cdc25A
degradation might induce the inhibition of S-phase
progression. It is supposed that an increase in cyclin A
might accelerate G1/S progression. It is also indicated
that VP-16-induced G2/M arrest is caused by p21, which
inactivates cyclin B-Cdc2 complex and eventually
prevents mitotic entry. In p53-deficient fetal brains,
G2/M and apoptosis were almost abrogated, although S-
phase accumulation still occurred. It is suggested that
VP-16 induced p53-independent S-phase accumulation,
and p53-dependent G2/M arrest and apoptosis of the
neural progenitor cells in fetal mouse brain. 
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Introduction

VP-16, a topoisomerase II inhibitor, is widely used
as a chemotherapeutic agent for small cell lung cancer,
testicular cancers, and lymphomas (Sieber et al., 1978;
Robinson and Oscheroff, 1991; Chen and Liu, 1994;
Hande, 1998). VP-16 is also known to be a teratogen,
and brings about skeletal malformations and the central
nervous system (CNS) anomalies in mice and rats when
administered during the early gestational stages (Sieber
et al., 1978). VP-16 interferes with topoisomerase II
activity and causes DNA double-strand breaks (DSBs)
through the formation of a DNA-drug-enzyme cleavage
complex (Gantchev and Hunting, 1997). VP-16 has been
shown to immediately induce cell cycle arrest and
apoptosis in the CNS of mouse fetuses when
administered to pregnant mice on gestation day 12
(GD12) (Nam et al., 2006a,b). 

During the early stages of neural tube development,
undifferentiated neural stem cells proliferate by
symmetric division. Their nuclear positions differ at
different stages of the cell cycle. DNA synthesis (S)
occurs when the nuclei are at the outer part of the neural
tube. In the G2/M phase, the cells undergo mitosis and
produce 2 daughter cells on the surface of the ventricle
(Fujita, 2003). During neurogenesis, asymmetric
divisions generate 2 daughter cells: one reenters the cell
cycle (G1 to S) and the other differentiates into young
neurons (neuroblasts: G0) and migrates from ventricular
zone (VZ) to the marginal zone (MZ), where postmitotic
neurons accumulate (Qian et al., 2000; Yoshigawa,
2000). 
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In embryonic day (E) 12 to E13 mice, approximately
70% of the cells in the fetal telencephalons are neural
progenitor cells (D’Sa-Eipper et al., 2001); hence, it was
considered that the cells were analyzed reflected the cell
cycle distribution of neural progenitor cells. Most of the
neural progenitor cells are known to be localized in the
VZ rather than the subventricular zone (SVZ), and the
neural progenitor cells proliferate very actively in the
VZ at E12 and E13 because the SVZ is not yet
remarkable (D’Sa-Eipper et al., 2001). 

DNA damage agents like irradiation induce DSBs as
well as cell cycle arrest and apoptosis via ATM-
checkpoint kinase 2 (Chk2) responses (DiTullio et al.,
2002; Ha et al., 2003). The p53 tumor suppressor protein
is activated by DNA damage and other cellular stresses,
which is followed by the induction of cell cycle arrest,
DNA repair and apoptosis (Ko and Prives, 1996; Levine,
1997; Stewart and Pietenpol, 2001). In response to DNA
damage agents, the neural progenitor cells in fetal mice
has been shown to undergo apoptosis via a p53-
dependent pathway (Katayama et al., 2005; Ueno et al.,
2006). 

In the present study, we investigated VP-16-induced
DNA damage, cell cycle alternation, and apoptosis and
their mechanisms in fetal mouse telencephalons by flow
cytometry, immunohistochemistry and Western blot
analysis after VP-16 administration to pregnant mice on
GD 12. We also examined the histological changes,
TUNEL staining and cell cycle analysis in the neural
progenitor cells after VP-16 treatment in p53-knockout
mice in order to investigate the role of p53 in VP-16-
induced cell cycle arrest and apoptosis. We verified that
VP-16 induces ATM activation, DNA damage, the p53-
independent or p53-dependent pathway of neural
progenitor cell cycle arrest and apoptosis. 
Materials and methods

Chemicals

VP-16 and 5-bromo-2´-deoxyuridine (BrdU) were
purchased from Sigma (St. Louis, MO). VP-16 was
dissolved in 1% dimethyl sulphoxide (DMSO; Sigma)
solution in physiological saline. 
Animals 

Eight-week-old pregnant ICR (Crj:CD-1) mice were
purchased from Charles River Japan Co.(Yokohama,
Japan), p53+/- mice (C5BL/6N-TgH(p53)) were
provided by RIKEN BioResource Center (Tsukuba,
Japan). Heterozygous mice were back-crossed to wild-
type mice (heterozygote x C57BL/6CrSlc) to maintain
and propagate the colony. Heterozygous mice were
crossed to generate wild-type, heterozygous, and
homozygous gene-disrupted mice. Genotyping was
conducted by polymerase chain reaction (PCR) analysis
of tail DNA extracts. The mice were maintained in an

isolator cage (Niki Shoji Co., Tokyo) under controlled
conditions (23±2°C with 55±5% humidity and a 14-hr
light / 10-hr dark cycle); they were fed commercial
pellets (MF; Oriental Yeast Co. Ltd., Tokyo) and
provided with tap water ad libitum. All procedures were
approved by the Animal Use and Care Committee of the
Graduate School of Agricultural and Life Sciences, the
University of Tokyo.
Genotype analysis of the p53-knockout mice (Tsukada et
al., 1993)

Genomic DNA was extracted from the tail of fetuses
or 4-week-old mice by using the DirectPCR Lysis
Reagent (Viagen Biotech, Inc., CA, USA) by the
proteinase K method. PCR amplifications were
performed by using the LA Taq kit with GC buffer 1
(Takara, Japan). After an initial denaturation at 94°C for
7 min, amplification was performed using a Takara PCR
Thermal cycler SP (Takara) (Table 1) under the
following conditions: 30 sec of denaturation at 94°C, 30
sec of annealing at 57°C and 3 min of extension at 72°C.
The primers used were a mixture of (1) LCB614 in
intron 1, i.e., 5’-GTTATGCATCCATACAGTACA, and
(2) LCB651 in exon 3, i.e., 5’-CAGGATATC
TTCTGGAGGAAG. The PCR products were
electrophoretically separated on 2% agarose S (Nippon
Gene) in TBE buffer. The gels were stained with
ethidium bromide (Gibco), and the fluorescent bands
were visualized using a UV-CCD video system
(EpiLightUVFA1100; AISIN COSMOS, Tokyo, Japan).
Treatment of the ICR mice

Eight-week-old pregnant mice were injected with 4
mg/kg of VP-16 intraperitoneally (ip) on GD 12. For the
control, pregnant mice were injected with 1% DMSO
solution ip on GD 12. The dam mice were sacrificed by
exsanguination under ether anesthesia at 1, 2, 4, 8, 12,
24 and 48 hours after treatment (HAT). The collected
fetuses were subjected to histopathological examination,
cell cycle analysis and Western blot analysis.
Treatment of the p53-knockout mice

Pregnant mice were administered 4 mg/kg of VP-16
ip on GD 12. For the control, pregnant mice were
injected with 1% DMSO solution ip on GD 12. The dam
mice were euthanized at 4 and 12 HAT. The collected
fetuses were subjected to histological examination,
TUNEL staining and cell cycle analysis. The fetuses
were fixed in 10% neutral-buffered formalin for
histopathological examination and TUNEL staining. 
Histological examination

The fetuses obtained from the dams as scheduled
were fixed in 10% neutral-buffered formalin and
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embedded in paraffin. Further, 4-µm paraffin sections
were stained with hematoxylin and eosin (HE) for
histopathological examination.
Cell cycle analysis

For cell cycle analysis, the telencephalons of 3
fetuses from each dam were obtained in Hanker’s
balanced salt solution. Cells from the telencephalons
were washed in PBS and resuspended in 1 ml of PBS at
a density of 1x106 cells/ml. Ice-cold ethanol (2.7 ml)
was added to it to yield a final ethanol concentration of
70%. After centrifugation, the cells were resuspended in
1 ml of PBS and incubated with 10 µl of RNAse at 37°C
for 40 min. Ten microliters of propidium iodide (5
mg/ml) were then added. Forward scatter (FSC) and side
scatter (SSC) analysis was performed to assess the
changes in cell morphology and fluorescent lamp-2
height (FL-2H; red fluorescence) analysis was
performed using a FACSCalibur Flow Cytometer
(Becton-Dickinson, Franklin Lakes, NJ) to detect
changes in the cellular DNA content and DNA
fragmentation. Using the Cell Quest program (Becton-
Dickinson), doublets and debris were discarded, and the
percentages of cells in various phases of the cell cycle
were calculated.
Cell cycle analysis of the BrdU-positive cells

BrdU incorporation assays were performed to
investigate the transition of BrdU-incorporated cells in
the cell cycle and to analyze the DNA-replicating cells
after VP-16 administration by cell cycle analysis. 

First, pregnant mice were simultaneously treated
with 4 mg/kg of VP-16 and 20 mg/kg of BrdU ip on
GD12. For the control, pregnant mice were injected with
1% DMSO solution and 20 mg/kg of BrdU ip on GD12.
The fetal telencephalons of the 3 fetuses from each dam
were obtained and subjected to cell cycle analysis at 1, 2,
4, 8, 12, 24, and 48 HAT.

Secondly, a BrdU incorporation assay was
performed on the mouse fetuses collected at 4 HAT.
Pregnant dam mice were injected ip with 20 mg/kg of
BrdU exactly 1 hr before autopsy.

For the assessment of cell cycle kinetics, the cells
were fixed in 70% ethanol, washed with PBS and
resuspended in 0.5% Triton X-100 in 2 N HCl for 30
min at room temperature (RT). Following neutralization
with 0.1 M Na2B4O7, they were pelleted and washed
with PBS. The cells were then stained with FITC-
conjugated mouse anti- BrdU antibody (BD
PharMingen) for 30 min in the dark at RT. They were
then washed with 0.5% Tween 20 and 1% BSA in PBS,
incubated with 2 µl of propidium iodide for 30 min on
ice, and analyzed using the FACScalibur machine. Using
the Cell Quest program (Becton-Dickinson), doublets
and debris were discarded, and the percentages of cells
in various phases of the cell cycle were calculated. 

TUNEL method 

DNA fragmentation was examined in the paraffin
sections by a modified TUNEL (Terminal deoxy-
nucleotidyl Transferase Biotin-dUTP Nick End
Labeling) method, which has been widely used for the
detection of apoptotic cells. A commercial apoptosis
detection kit (ApopTag® Peroxidase In situ Apoptosis
Detection Kit; Chemicon, CA) was used in the present
study. 
Immunohistochemistry

The formalin-fixed tissues were embedded in
paraffin. The deparaffinized sections were immersed in a
10 mM citrate buffer (pH 6.0) and autoclaved at 120°C
for 15 min. The endogenous peroxidase activity was
quenched by immersing the sections in 0.3% H2O2 in
methanol for 30 min. The sections were incubated in 8%
skimmed milk at 37°C for 1 hr to reduce non specific
reactions. Overnight incubation at 4°C with the primary
antibody against γH2AX (Cell signaling) or cleaved
caspase-3 (Cell signaling Technology) was then
performed. The sections were further incubated with
biotinylated secondary antibody (1:400; Kirkegaard and
Perry) and then with streptavidin (1:300; Dako) for 1 hr
at RT. The positive reactions were visualized by the
peroxidase-diaminobenzidine method and then
counterstained with methyl green. 
Western blot analysis 

The telencephalons were dissected from the fetuses
pooled and lysed in a buffer containing 10 mM Tris–HCl
(pH 8.0), 150 mM NaCl, 1% NP-40, 1 mM EDTA, 2
mM Na3VO4, 10 mM NaF, and x1 EDTA-free protease
inhibitor cocktail solution (Roche, Penzberg, Germany).
The protein concentration of the lysate was assessed by
using Lowry’s protein assay kit (Bio-Rad, Hercules,
CA). Samples containing equal amounts of protein were
electrophoresed on SDS polyacrylamide gels and
transferred onto PVDF membranes (Bio-Rad). The
membranes were blocked in TBS containing 0.1%
Tween-20 and 5% skimmed milk before the addition of
antibodies. 

The primary antibodies used included anti-phospho-
ATM-Ser1981 (Cell Signaling), anti-γH2AX (Cell
Signaling), anti-phospho-c-Abl-Tyr245 (Cell Signaling),
anti-p53 (Santa Cruz), anti-p21 (PharMingen), anti-
cyclin A (Santa Cruz Biotechnology, Santa Cruz, CA),
anti-cyclin B1 (Santa Cruz), anti-Chk2 (Cell Signaling),
anti-phospho-p53-Ser15 (Cell Signaling), anti-phospho-
p53-Ser20 (Santa Cruz), anti-Cdc2 (Cell Signaling),
anti-phospho-Cdc2 (Cell Signaling), anti-Cdc25A (Santa
Cruz), anti-puma (Sigma) and anti-ß-actin (Cell
Signaling). Horseradish peroxidase-conjugated
secondary anti-mouse or anti-rabbit IgG antibodies
(Amersham) were used at a dilution of 1:10000.
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Enhanced chemiluminescence kit (ECL+; GE
HealthCare, UK) was used for signal detection and a
CCD-camera (Bio-Rad) was used for detection and
capture of a digital image. 
Results

In our previous studies, we showed that VP-16
induced S-phase accumulation, G2/M arrest and
apoptosis in fetal mouse brain (Nam et al., 2006b). The
cell cycle fractions at 1 and 2 HAT after VP-16-injection
were not significantly different from those of the control.
The S and G2/M fractions increased significantly at 4
and 8 HAT as a result of VP-16 treatment. Furthermore,
the sub-G1 fraction (apoptotic cells) of the VP-16-
exposed fetuses began to increase significantly at 4 HAT,
peaked at 12 HAT, decreased gradually at 24 HAT and
then returned to the control level at 48 HAT.

The sequential changes in the number of BrdU-
positive cells in the fetal brains are shown in Fig. 1. At 4
HAT, BrdU-incorporation in the fetal telencephalons was
not significantly different as indicated. In addition, there
were many cells containing DNA identical to that of the
S-phase cells, and most of the S-phase cells had
incorporated BrdU at 4 HAT. S-phase accumulation was
brought about by the acceleration of G1/S-transition
rather than by the inhibition of S-phase progression or
DNA replication. 

To confirm that the cells shifted from accumulation

in the S and G2/M phases and either entered G0/G1 or
became apoptotic, we injected BrdU (20 mg/kg) with a
vehicle or VP16 at the same time and used flow
cytometry to investigate the cell cycle transition of VP-
16-exposed neural progenitor cells. VP-16 and BrdU
both get incorporated into DNA during the S phase of
the cell cycle. In the control group, BrdU was first
incorporated into the S-phase cells at 1 and 2 HAT after
treatment (Fig. 2). At 4 HAT, the BrdU-incorporated
cells had transitioned from the S to G2/M phase, and
some had entered the G0/G1 phase. At 8 HAT, most of
the BrdU-positive cells had almost exited the S phase
and were mainly in G0/G1, and some cells were still in
G/2M. At 8 HAT, some BrdU-positive cells had started
to re-enter the S phase, and most of them had returned to
the S phase at 12 HAT. When VP-16 was injected with
BrdU, BrdU also was first incorporated into the S phase
cells at 1 and 2 HAT. At 4 HAT, more VP-16-treated
cells than control cells were still in S and G2 phases.
Many of these cells were likely in the G2 phase because
the number of mitotic figures decreased at 4 HAT (Nam
et al., 2006a). Furthermore, most of the BrdU-positive
cells started to undergo apoptosis, as demonstrated by
the increase in the sub-G1 area at 4 HAT. At 8 HAT,
many of them were still in the S or G2/M phase;
however, some of them had moved to G0/G1. It was
suggested that mitotic entry was inhibited at 4 and 8
HAT. At 12 HAT, the cells moved to G0/G1 or to the
sub-G1 phase, which contained apoptotic cells. These
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Fig. 1. The BrdU-incorporating potency of
telencephon cells in the VP-16-exposed
fetuses remained unchanged as compared to
the control fetuses at 4 HAT. S-phase
accumulation was caused by the acceleration
of G1/S transition rather than by the inhibition
or arrest of DNA replication. The dams were
injected with BrdU 1 hr before autopsy. The
Horizontal and vertical axes denote the PI
intensity (DNA content) and FITC intensity
(BrdU incorporation), respectively. Cells with
FITC intensity above the dotted line are BrdU-
positive cells. The values represent the mean 
± SD (n=3). *p<0.05, **p<0.01: significant
difference from the control as revealed by
Student’s t test.



results indicate that cell cycle progression of the VP-16-
exposed neural progenitor cells was blocked in G2 phase
at 4 and 8 HAT, after which the cells either entered the
G0/G1 phase or became apoptotic. Additionally, S-phase
accumulation was shown at 4 and 8 HAT and some of
the BrdU-positive S-phase cells directly underwent
apoptosis at 4 HAT. The cell cycle progression of the
neural progenitor cells was shown to be suppressed after
VP-16 administration.

Western blot analysis (Fig. 3A) showed that VP-16
activates the ATM kinase pathway through auto-
phosphorylation at serine 1981 from 2 to 8 HAT in the
fetal telencephalons. Following ATM phosphorylation,
γH2AX, an indicator of the induction of DNA DSBs,
was observed from 4 to 12 HAT. The expression level of
phospho-c-Abl protein (Try245), an indicator of
proliferative activity, was decreased from 2 to 24 HAT.
In the immunohistochemistry for γH2AX, the DNA
DSBs marker, γH2AX, were shown in the S and G2-
phase cells of the neural progenitor cells from 1 to 2
HAT after VP-16 exposure (Fig. 3B). 

As shown in Fig. 4, the level of p53 increased from
2 to 8HAT after VP-16 administration. The level of p21,
a Cdk inhibitor and the transcriptional gene of p53,
increased from 4 to 12 HAT. The level of cyclin B1
increased from 2 to 8 HAT. The level of phospho-Cdc2

(Tyr15), an inactivated form of Cdc2, increased slightly
from 2 to 8 HAT after VP-16 treatment. These results
indicated that the VP-16-induced G2/M arrest was
caused by p21, which inactivated the cyclin B-Cdc2
complex and eventually prevented mitotic entry. A
decrease in the Cdc25A level was manifested from 2 to
24 HAT as a result of VP-16 exposure, indicating that
Cdc25A might be phosphorylated by the checkpoint
kinase 1 (Chk1) or Chk2 pathways, followed by its
degradation, and finally it continues to inactivate Cdk2,
which causes the inhibition of S-phase progression, i.e.,
the so-called S-phase delay. From the increase in cyclin
A by VP-16, it was presumed that cyclin A-Cdk2
complex might induce the acceleration of G1/S
transition.

The level of phospho-p53 (Ser15 and 20) and puma-
α was increased by VP-16 treatment in the fetal
telencephalons (Fig 5). Caspase-3 was activated in the
fetal brain after VP-16 administration (Nam et al.,
2006a). This suggests that VP-16-induced apoptosis is
mediated via mitochondrial pathways in fetal mouse
brain.

In fetal C57BL/6 wild-type mice, VP-16
administration induced more severe histopathological
changes as compared to those in the fetal ICR mice.
Pyknotic cells in the telencephalon of the VP-16 treated
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Fig. 2. Transition of the BrdU-incorporated telencephon cells of fetal mice in the cell cycle. Cell cycle progression of the VP-16-exposed cells was
delayed as compared to the control cells. Most of the apoptotic cells incorporated BrdU. BrdU was injected with VP-16 or with a vehicle at the same
time; (X axis: PI intensity (DNA content), Y axis: FITC intensity (BrdU incorporation)). Cells with FITC intensity above the dotted line are BrdU positive.



C57BL/6 mice were prominently observed in the CNS,
including the brain and the spinal cord (Fig. 6). These
results suggest that VP-16 caused more severe DNA
damage or cell damage in the C57BL/6 rather than in the
ICR mice. Pyknotic and TUNEL-positive cells of the VZ
in the telencephalons were barely visible at 12 HAT in
the fetal p53-/- mice. Apoptosis was almost abrogated in
p53-deficient mice after VP-16 administration.

In the cell cycle analysis of p53-knockout mice (Fig.
7), the number of S-phase cells increased in every
genotype at 4 HAT (+/+, 22.50±3.121%; +/-,
15.08±5.919%; -/-, 20.36±6.214%), while the number
slightly increased only in the p53+/+ and p53+/- mice at
12 HAT (+/+, 17.55±5.104%; +/-, 13.81±5.332%; -/-,
11.09±6.380%). Thus, each p53 genotype showed S-
phase accumulation at 4 HAT, while only p53+/+ and
p53+/- genotypes showed S-phase accumulation at at 12
HAT. The number of G2/M cells increased only in the
p53+/+ and p53+/- mice at 4 HAT (+/+, 12.71±3.084%;
+/-, 9.22±1.4631%; -/-, 6.77±1.193%). The number of
apoptotic cells in the sub-G1 area also increased only in
the p53+/+ and p53+/- mice (4 HAT; +/+, 6.95±2.578%;

+/-, 2.58±1.047%; -/-, 0.77±0.250%, 12 HAT; +/+,
15.12±2.921%; +/-, 11.92±4.579%; -/-, 2.94±1.816%).
In addition, p53-/- neural progenitor cells escaped from
G2/M arrest and apoptosis at 4 HAT, although the
number of cells in the S-phase increased through the 4
HAT. These results suggest that VP-16-induced G2/M
arrest and apoptosis are p53-dependent phenomenon, but
S-phase accumulation is a p53-independent
phenomenon.
Discussion

In our previous study, an increase of the sub-G1 cells
was observed in accordance with the sequential increase
of the pyknotic and TUNEL-positive cells after VP-16
treatment. Moreover, S-phase accumulation and G2/M
cell cycle arrest increased significantly at 4 HAT and 8
HAT. Based on these results, we conclude that VP-16
might induce S and G2/M arrest through its toxic effects
and inhibit G2/M transition. The results of VP-16-
induced cell cycle alternation were in concordance with
the histopathological changes in the fetal brain occurring
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Fig. 3. VP-16 induced DNA damage, activation
of ATM kinase through autophosphorylation,
and a decrease in the proliferative activity of
the neural progenitor cells. A. DNA damage
and activation of ATM kinase after VP-16
treatment. Autophosphorylation of ATM at
Ser1981, phosphorylation of H2AX at Ser139
and decrease in the phospho-c-Abl (Tyr245)
level were confirmed. The total extracts from
the control (C) and VP-16-treated (T) fetal
telencephalons were analyzed by Western blot
analysis. B. VP-16-induced DNA DSBs in the
cells of the fetal mouse brain. Immuno-
histochemical examination the control (a) and
VP-16-treated (b) fetal brain at 1 HAT for
γH2AX; γH2AX foci were observed at 1 to 2
HAT after VP-16 administration. x 400



as result of VP-16 administration. 
S-phase accumulation in the VP-16-exposed

telencephalons was caused by the acceleration of G1/S
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Fig. 4. Changes in the level of cell cycle control-related proteins in the
fetal telencephalons. VP-16 increased the levels of p53, p21, cyclin A,
cyclin B1 and phospho-Cdc2 (Tyr15) and decreased the Cdc25A level.
The extracts from the control (C) and VP-16-treated (T) fetal
telencephalons were analyzed by Western blot analysis.

Fig. 5. Changes in the level of apoptosis-related proteins in the fetal
telencephalons. VP-16 prominently increased the level of phospho-p53
(Ser15 and 20) and puma-·. The total level of proteins in the whole cell
extracts was analyzed by Western blotting. 

Fig. 6. A. Histological appearance of the
telencephalons from p53+/+ (a), p53+/- (b), and
p53-/- (c) fetuses at 12 HAT after VP-16-
administration. VP-16-induced pyknotic cell
death was almost completely abrogated in the
p53-deficient fetuses. B. p53 is required for VP-
16-induced apoptosis of neural progenitor cells.
TUNEL staining of the telencephalons from
p53+/+ (a), p53+/- (b) and p53-/- (c) fetuses at
12 HAT after VP-16 treatment. VP-16-induced
TUNEL-positive cells were not observed in the
p53-deficient fetuses. x 400



transition rather than by the inhibition of S-phase
progression (S-phase delay) at 4 HAT. From the decrease
of phospho-c-Abl (Tyr245), however, it is presumed that
the DNA proliferative activity of the neural progenitor
cells in the telencephalons eventually decreased due to
VP-16-induced cell damage and apoptosis. In pregnant
mice concurrently injected with BrdU, the neural
progenitor cell transition in the VP-16-exposed fetal
telencephalons was delayed as compared to that in the
control, and BrdU-positive signals were observed in
many apoptotic cells from 4 to 24 HAT. This indicates
that VP-16 damages proliferative neural progenitor cells,
mainly the S-phase cells.

ATM kinase is involved in the regulation of cellular
responses to irradiation and topoisomerase inhibitors
(Samuel et al., 2002). DSBs are caused by irradiation
and anti-tumor agents, by cleavage during recombination
or collapse of replication forks. ATM is auto-
phosphorylated since DSBs may occur as a part of the
physiological process (Taylor, 1998). The ATM
phosphorylate targets include p53, mdm2, Chk2, NBS1,
and BRCA1. Although phospho-Chk 2 (Thr68) was not
confirmed in this study, it was certain that the activated
ATM phosphorylated Chk 2, which induced the
phosphorylation of p53 at Ser15.

It is known that DNA damage-dependent focal
accumulation of both DNA repair factors and γH2AX is
observed in the nucleus, i.e., so-called repair foci.
Histone H2AX phosphorylates at Ser128 (γH2AX) in the
region of the nucleosome where DNA enters and exits in
response to DNA damage, which induces DNA DSBs. In

the absence or mutation of H2AX, the NHEJ and HR
pathways are impaired or fail, suggesting that H2AX
phosphorylation has an important role in the initiation of
DNA repair (Downs et al., 2000). 

In response to genotoxic stress such as ultraviolet
light or ionizing radiation, Chk1 and Chk2
phosphorylate Cdc25A at Ser123. The phosphorylation
of Cdc25A at serine 123 is a signal for ubiquitination
and subsequent degradation of Cdc25A. The decrease in
Cdc25A is continued, thereby inactivating Cdk2, which
in turn, inhibits cell replication (S-phase delay) (Mailand
et al., 2001; Bartek et al., 2004). Overexpression of
cyclin A accelerates the entry of mammalian cells into
the S-phase, indicating that cyclin A could be a limiting
factor that is required for triggerring replication
(Resnitzky et al., 1995). The cyclin A-Cdk2 complex is
known to activate DNA synthesis through the replication
complex and to inhibit the assembly of new complexes
(Coverley et al., 2002).

Maintenance of G2 arrest is known to be assured by
p21-dependent inactivation of mitotic Cdks (cyclin B1-
Cdc2 and cyclin A-Cdc2). Cyclin B1-Cdc2 complexes
are maintained in an inactive state by association with
p21, which provokes nuclear retention of cyclin B1-
Cdc2 and prevents their activation at the centrosome
and, possibly, in the cytoplasm and nucleus (Charrier-
Savournin et al., 2004). p21 binds with the cyclin B-
Cdc2 complex and blocks the activated phosphorylation
of Cdc2 on Thr161 by Cdk-activation kinase (Smits et
al., 2000). Further, VP-16 has been shown to induce p21
up-regulation in a p53-dependent manner via ATM/ATR
pathway in an in vitro experiment (Ding et al., 2003).
Cyclin A1 has been shown to be up-regulated in VP-16-
treated tumor cells undergoing p53-dependent apoptosis
(Rivera et al., 2006). 

In the fetal brain of p53-knockout mice, VP-16-
induced S-phase accumulation occurred, but G2/M arrest
and apoptosis were not observed. It has been shown that
p53 is necessary for VP-16-induced G2/M arrest and
apoptosis, but not crucial for VP-16-induced S-phase
accumulation. However, S-phase accumulation in the
p53+/+ and p53+/- fetal mice at 12 HAT resulted from
an increase in the number in early S-phase cells. An
increase in cyclin A following G2/M arrest at 4 and 12
HAT may presumably enhance G1/S transition at 12
HAT in the p53+/+ and p53+/- fetal mice. Following the
activation of the p53 pathway by VP-16 treatment, up-
regulation of p21 was blocked in the G2 phase, which
eventually increased cyclin A. On the other hand, p53 is
not necessary for S-phase delay (inhibition of DNA
replication) after VP-16 treatment. A decrease in
Cdc25A after VP-16 treatment inhibited Cdks and
finally blocked S-phase progression via the activation of
an ATM-related and p53-independent pathway. 

VP-16 causes DNA damage in neural progenitor
cells in the S and G2 phases, induces S-phase
accumulation and G2/M arrest, and evokes apoptosis.
VP-16-induced DNA damage occurs through ATM-
kinase activation. ATM autophosphorylation might be

492
Etoposide and neural progenitor cells

Fig. 7. Cell cycle alternation of the neural progenitor cells in the p53+/+,
p53+/-, and p53-/- fetal mice by VP-16 treatment. The percentages for
each cell cycle phase have been represented as the mean of all fetuses
from the 5 dams. In p53+/+ and p53+/- mice, the number of S- and
G2/M-phase cells increased at 4 HAT, and apoptosis in the sub-G1 area
increased at 4 and 12 HAT. In p53-/- mice, the number of sub-G1 area
and G2/M phase cells did not increase at 4 and 12 HAT, but the number
of S-phase cells increased at 4 HAT.



required for VP-16-induced cell cycle alternation and
apoptosis. Further investigation on DNA repair in neural
progenitor cells after VP-16-induced DNA damage is
necessary.
Acknowledgements. We are grateful to Dr. Akemi Koshiyama and
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